Tau is a developmentally regulated axonal protein that stabilizes and bundles microtubules (MTs). Its hyperphosphorylation is thought to cause detachment from MTs and subsequent aggregation into fibrils implicated in Alzheimer's disease. It is unclear which tau residues are crucial for tau-MT interactions, where tau binds on MTs, and how it stabilizes them. We used cryo-electron microscopy to visualize different tau constructs on MTs and computational approaches to generate atomic models of tau-tubulin interactions. The conserved tubulin-binding repeats within tau adopt similar extended structures along the crest of the protofilament, stabilizing the interface between tubulin dimers. Our structures explain the effect of phosphorylation on MT affinity and lead to a model of tau repeats binding in tandem along protofilaments, tethering together tubulin dimers and stabilizing polymerization interfaces.
M icrotubules (MTs) are formed by the assembly of ab-tubulin dimers into protofilaments (PFs) that associate laterally into hollow tubes. MTs are regulated by MT-associated proteins (MAPs), including "classical" MAPs such as MAP-2, MAP-4, and tau that are critical to neuronal growth and function. Tau constitutes more than 80% of neuronal MAPs, stabilizes and bundles axonal MTs (1), and is developmentally regulated (2) . Fulllength adult tau is intrinsically disordered and includes a projection domain, an MT-binding region of four imperfect sequence repeats (R1 to R4), and a C-terminal domain (3) (Fig. 1A ; the precise definition of the repeats has not always been consistent in the literature and the one displayed in the figure is justified by the structural findings in this study). Different repeats bind to and stabilize MTs (4, 5) , with affinity and activity increasing with the number of repeats (5, 6) . Neurodegenerative tauopathies, including Alzheimer's disease, develop when mutated (7, 8) or abnormally phosphorylated (9-11) tau loses affinity for MTs and forms filamentous aggregates called neurofibrillary tangles. Whereas we know the structure of amyloid tau fibrils (12) , the physiological conformation of MT-bound tau remains controversial (13) (14) (15) (16) (17) . Here we present atomic models of MT-bound tau by using a combination of single-particle cryo-electron microscopy (cryo-EM) and Rosetta modeling.
We used cryo-EM to visualize MTs in the presence of an excess of different tau constructs (figs. S1 and S2). The cryo-EM structure of dynamic MTs (without stabilizing drugs or nonhydrolyzable guanosine 5′-triphosphate analogs) assembled with full-length tau (overall resolution of 4.1 Å) ( fig. S2C ) shows tau as a narrow, discontinuous density along each PF (Fig. 1B) , following the ridge on the MT surface defined by the H11 and H12 helices of a-and b-tubulin and adjacent to the site of attachment of the C-terminal tubulin tails (Fig. 1C) that are important for tau affinity (18, 19) . This location is consistent with a previous, low-resolution cryo-EM study (16) . To test an alternatively proposed tau-binding site on the MT interior (17), we added tau to preformed MTs or to polymerizing tubulin, both in the absence of Taxol, but never saw tau density on the MT luminal surface.
We also examined two N-and C-terminally truncated tau constructs including either all four repeats (4R) or just the first two (2R) (fig. S2, A and B) (we refer to the construct containing four repeats as 4R, whereas the sequence of the fourth repeat is referred to as R4). Both reconstructions (4.8 and 5.6 Å, respectively) ( fig. S2C ) and that of full-length tau were indistinguishable at the resolutions obtained. In all three cases, the length of the tau density corresponds to an extended chain of~27 amino acids, with a weak connecting density that would accommodate another 3 to 4 residues, adding up to the length of one repeat (31 to 32 amino acids).
The lower resolution for tau (4.6 to 6.5 Å) than for tubulin (4.0 to 4.5 Å) in our reconstructions ( fig. S3 ) may be due to substoichiometric binding (unlikely because of the excess of tau), flexibility, and/or differences between the repeats. Thus, we pursued the structure of a synthetic tau construct with four identical copies of R1 (R1×4) (Fig. 2) and reached an overall resolution of 3.2 Å ( Fig. 2A  and fig. S2C ), with local resolution for tau between 3.7 and 4.2 Å (fig. S3 ). In this map the best-resolved region of tau approached the resolution of surface regions of tubulin. Again, tau appears as regularly spaced segments separated by more discontinuous density, as expected from the alternation of more tightly bound segments interspersed with more mobile regions (5, 20) . A polyalanine model accommodating 12 residues was built into the bestresolved segment of the R1×4 tau density at the interdimer interface.
Given the lack of large side chains or secondary structure, we used Rosetta (21) as an unbiased approach to assess different tau repeat sequence registers (see methods in supplementary materials). A single register and conformation were favored, both energetically and on the basis of fit to density, and included amino acids 256 to 267 (VKSKIGSTENLK), the most conserved segment among tau repeats (Fig. 2B ). An alternative, more aggressive refinement protocol (22) , which introduces more structural variability during the refinement procedure, converged to the same sequence and structure ( fig. S4 ). This common solution corresponds to a 12-residue sequence contained within an 18-amino acid fragment that is sufficient to promote MT polymerization (4, 23) . 267 is positioned to interact with the acidic a-tubulin C-terminal tail, and its basic character is conserved ( Fig. 2C and fig. S5 ).
The tau density beyond this 12-residue stretch is very weak ( Fig. 2A) , indicating that residues 242 to 255 lack ordered interactions with tubulin. This region of R1 is rich in prolines, but the corresponding regions of R2 and R3 show a distinct, conserved hydrophobic pattern ( Fig. 1A and fig.  S5 ). As other tau repeats might form additional interactions with the MT surface, we also obtained a cryo-EM reconstruction by using a synthetic tau construct containing four copies of repeat R2 (R2×4). The R2×4-MT reconstruction, at an overall resolution of 3.9 Å (Fig. 3A and fig. S2C ), was similar to R1×4, especially at the interdimer tubulin interface (Fig. 3A and fig. S6A ), but had additional tau density along the surface of b-tubulin. We could model a backbone stretch of 27 residues into the R2×4 tau density, spanning three tubulin monomers, with a length close to that of the tubulin dimer repeat in the MT lattice (~80 Å). As we found for R1, we discovered a single, strongly preferred register and conformation for R2 with the use of Rosetta (Fig. 3B) , regardless of the chosen simulation parameters. Our analyses of R1 and R2 resulted in equivalent sequence registers and virtually identical atomic models at the interdimer interface (Fig. 3, C and D) , with conserved residues making critical contacts with tubulin. For two non- (Fig. 3C) , the nature of the interactions is preserved [free cysteines demonstrate strong hydrophobic character (26) , and Lys 294 likely interacts with the acidic C-terminal tail (Fig. 3, E and G) ]. The identical sequence register and atomic details from two independent maps underscore the robustness of our solution and provide high confidence in the accuracy of our atomic models. The sequence assignment is further supported by previous gold-labeling experiments on the binding of MAP-2 to MTs ( fig. S6, B to D) .
Our R2×4 model includes the peptide VQIINKK (not conserved in R1), which as an isolated peptide can bind MTs (6) and promote MT polymerization (23) . This R2 peptide localizes to the intradimer interface and is sufficiently close to interact with the b-tubulin C-terminal tail (Fig. 3,  E and F) . Though tau and kinesin make distinct contacts with tubulin, their MT-binding sites partially overlap ( fig. S7 ), which explains why tau binding interferes with kinesin attachment to MTs (27 (Fig. 3, E and G) , and Lys 281 is well positioned to interact with the b-tubulin C-terminal tail (Fig.  3E) . The highly conserved His 299 in R2 is buried in a cleft formed by b-tubulin residues Phe 395 and Phe 399 (Fig. 3, C and E) . Although we could model most of the residues in a tau repeat, we could not clearly visualize the highly conserved PGGG motif, which would correspond to the region connecting the modeled segments. Figure S9 shows a model of consecutive R1 and R2 binding, on the basis of the atomic models of both repeats connected by an extended PGGG segment, placed into the full-length tau experimental map. The similarity among repeats, especially R2 and R3, and the geometry of their binding to tubulin strongly support a tandem binding mode of the four repeats along a PF ( fig.  S8 shows the conserved character of hydrophobic interactions between these tau repeats and tubulin). Comparison of our MT-bound tau structures for R1 and R2 to that of fibrillary tau for R3 and R4 shows that though they are globally very different, they share some similarities in local structure, especially in the conserved, hydrophobic regions ( fig. S10) .
Our MT-tau structures lead to a model in which each tau repeat has an extended conformation that spans both intra-and interdimer interfaces, centered on a-tubulin and connecting three tubulin monomers. Extensive modeling on two independently determined reconstructions complemented the experimental map and led to a proposed model of the repeat structure and MT interactions that is supported by sequence conservation and explains previous biochemical observations. The universally conserved Ser
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, a major site of phosphorylation, is critically involved in tight contacts with tubulin near a polymerization interface, explaining how its modification interferes with tubulin binding and MT stabilization. The major tau-binding site corresponds to the "anchor point" (28), a tubulin region that is practically unaltered during the structural changes accompanying nucleotide hydrolysis or in a comparison of assembled and disassembled states of tubulin (Fig. 4, right) . This finding explains how tau promotes the formation of tubulin rings (29) and copurifies with MTs through tubulin assembly-disassembly cycles. Our structures suggest that all four tau repeats are likely to associate with the MT surface in tandem, through adjacent tubulin subunits along a PF. This modular structure explains how alternatively spliced variants can have essentially identical interactions with tubulin but different affinities according to the number of repeats present. The tandem binding of tau along a PF explains how tau promotes both MT polymerization and stabilization by tethering multiple tubulin dimers together across longitudinal interfaces (Fig. 4, left) . This mode of interaction explains the reduced off-rate of tubulin dimers in the presence of tau (30) that results in reduced catastrophe frequencies (transitions from assembly to disassembly of MTs) and the loss of dynamicity caused by tau and other classical MAPs. Our study does not discard the possibility that other structural elements within tau are involved in additional tubulin interactions, especially if engaging with the unstructured C-terminal tubulin tails. Such potential contacts may contribute to inter-PF and/or inter-MT interactions. models are available through the Protein Data Bank (PDB) with accessions codes 6CVJ (R1×4) and 6CVN (R2×4); all cryo-EM reconstructions are available through the EMDB with accession codes EMD-7520 (2R tau), EMD-7523 (4R tau), EMD-7522 (full-length tau), EMD-7769 (R1×4 tau), and EMD-7771 (R2×4 tau).
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www.sciencemag.org/content/360/6394/1242/suppl/DC1 Materials and Methods Figs. S1 to S10 Fig. 4 . Model of full-length tau binding to microtubules and tubulin oligomers. Our structural data lead to a model of tau interaction with MTs in which the four repeats bind in tandem along a PF. We did not observe strong density for the region that would correspond to the PGGG motif, which is modeled in gray for illustrative purposes and must be highly flexible. Tau binding at the interdimer interface, interacting with both a-and b-tubulin, promotes association between tubulin dimers. The tau-binding site is also the location of the previously identified "anchor point" [rightmost box; orange is bent tubulin (PDB code 4I4T) (31), blue and green are straight tubulin (PDB code 3JAR) (28) , and purple corresponds to the tightly bound region of a tau repeat]; thus tau-tubulin interactions are unlikely to change substantially with PF peeling during disassembly (center) or with binding to small, curved tubulin oligomers (top right).
